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1. Introduction

The take~off and launch phases of aircraft and spacecraft
produce very severe acoustic envirorments for the structure,
personnel, and equipments. The need for accurate data on the
response and fatigue (or malfunction) of these vehicles has
led engineers to the construction of elaborate and costly
faclilities for the simulation of intense acoustic environments.
A well knouwn example is the Sonic Fatigue Facility being com-
pleted at Wright Flield. Another 1s the intense low frequency
acoustic facility at Langley Field.

In the flight recgimes of these vehicles represented by
large dynamic head ¢, excitation by the turbulent boundary
layer can become a very important source of skin vibration
and interior noise. Some of the Mercury shots for example
showed that the noise and vibration levels during the "max q"
period significantly exceed those experienced during the launch
phase.;/’The magnitude and importance of these environmental
loads naturally leads one to inquire whether an acoustic facil-

ity can be used to simulate these loads or their effects.,

The simulation of turbulent boundary layer loads would
ideally mean the reproduction of the distribution of acoustic

pressures over the vehicle with correlation and convection

properties very close to those of the turbulence. In a sound



fleld, the speed of propagation, the wavelength, and the fre-
quency are related. This is not the case for the turbulcnt
field vhere a particular wavelength component may have a whole

distribution of frequencies and/or convection speeds.g/

If one 1s concerned primarily with vibratory response,
then it is the turbulent energy at wavelengths near the free
bending wavelength in the panel which account for most of the
excitation.z/ Even if one restricts the simulation to this
small group of wavenumbers near the bending wavenumber, the
simulation of loads is still not possible since the acoustic
frequencies at these wavelengths would generally be higher

than the frequencies in the panel.

In spite of these difficulties, however, it does appear
that one has a chance to simulate the resonant response of a
turbulent boundary layer by the response to a sound field,
which is, after all, the important thing as far as vibration,
malfunction, and fatigue are concerned. The corresponding
sound transmission through the structure might not in fact be
properly simulated since it depends a good deal on the non-

regsonant or forced motion of the structure.
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II. Response of a simple structure to boundary layer noise

The vibratory response of the modes of a simply supported
thin panel to convected turbulence was computed by nyer.ﬂ/ He
distinguished three primary categories of modal behavior; when
the trace wavespeed in the panel projected along the direction

of convection 1s

a. less than the convectlion speed, the modes are
called hydrodynamically slow (HS)

b. equal to the convection speed, hydrodynamically
coincident (HC)

c. greater than the convection speed, hydrodynamically

fast (HF).

These regimes are readlly displayed in wavenumber space as

shown in Fig. 1. The trace wavespeed in the direction of con-
vection is cB/cos¢ and the locus of modes for which cB/cos¢ = Uc
is the "HC mode" semicircle of radius UC/EKCZ. The HS modes
fall with this circle, the HF modes without.

1. Low speed convectionl,uc <L Ch

Dyer' s model of the pressure correlation pattern wia

-l¢-tt]/0

(1)

p(xlt)p(x',t') = pﬁAt ngl-xi~0c(t~t’9 5(x3—xé) e



where P is the turbulent rms pressure, Uc 18 the convection
gpeed, and At is a correlation area. Vhen Uc <L cps the HC
locus 1n Fig. 1 collapses to the origin and the response is
composed entirely of HF modes. By grouping the modes in fre-
quency bands, one can compute the spectral density of panel

velocity. The result is 5/
2
U (@) = pa, A, O (w)/wnp, (2)

where G = (8p8mcz)"l is the mechanical point input conductance
of an infinite flat plate. In Eq. (1) the moving axis fre-

quency spectrum is
? 9 2 2.1
A0) =2 (14 0%%) ", (3)

although this precise form is not required for the validity of
(2). The form of G;(m) is shown in Fig. 2, there generally
being fairly uniform energy content up to a frequency w = 1/8,
beyond which the energy diminishes rapidly. The loss factor

for the panel is n and ps is the surface mass density.

The "correlation area” Ay 1s determined by the strength

of the wavenumber spectrum at the free bending wavenumber for
the plate. It is é/



A, = Yy® <@x(k = kp,¢)>¢ (4)

where (?x(g) is normalized to have unit area. The form of A
for low speed (incompressible) turbulence i1s given in Fig. 3.1/
The excltation is seen to be most effective in the range where
the bending wavelength is the reciprocal of the displacement
thickness, and drops off above and below this value. We note
from (2) that the frequency spectrum (PTOD) is directly re-

flected in the response spectral density.

2. High speed convections, g; > cE

When the convection speed exceeds the trace wavespeed,
which 1s the situatlion depicted in Fig. 1, one may again apply
Dyer's results. In this instance, however, it is useful to
compute the power input to an infinite panel since the cal-
culations are simpler to perform and lead to the same results

after one averages over groups of modes.

For the infinite panel, one begins with the equation of

motion

2o 4 3@ d
Sy, Vy-o-at +wn5%=-§; | (5)

and expresses the displacenent y and pressure p as Fourier
integrals in time and space. The power input per unit area of

the panel becones §/



k,w!
nu-ipﬁfwdwfdg‘ 2@1(('4) (6)
pphu cz[k -kp(l+in)]

where (P(gym') is the spectral density of the turbulent pres-
sure field in a frame moving at the convections speed. The
frequency variable isg ®!' = ® - klUc where w is the response
frequency and kl 1s the compon ent of wavenumber in the di-~

rection of convection.

The spectrum (P is the transform of the correlation

function pp',
- A
Pt Plic,w) = (2m) 3J dA at BpT AWt | ()
If the temporal and spatial correlations are assumed to

separate in a convecting frame, then a similar separation

wlll occur in the spectra
20 s )
020, (9 B,) = ¢ {8, ) Fw] . (8)

If the pattern is uniformly convected, then the fixed frame

spectrum is related to the moving spectrum by

2 ~ ~
on & 9 0 (woieyu ) = F{@AM-UJ%) (PTm} )

as above,



When the convection 1s very slow, as on the hull of a
ship or on an aircraft at take-off speeds, then klUc <KL W
and the wavenumber and frequency integrations in (6) separate.
The resulting power input is equated to the dissipation
wqpsﬁiﬁn) and the velocity spectrum given in (2) results.
Thus, the infinite plate and finite panel results are con-
sistent at low speeds and we expect them to be at high speeds

as well.

The wavenumber pattern for the infinite plate is depicted
in Fig. 4. It is similar to Fig. 1 except that now one can
relate directly the wave components in the plate with any
point on the diagram. Instead of modes, one now has a break-
down into HS, HC, and HF waves. From the analysis, it turns
out that the largest response (or power input to the plate)
occurs at the intersection of the k = kp circle and the HC
wave locus. For these waves, the temporal decay of the tur-
bulence 1is unimportant, its wavenumber spectrum determining

the response at k = k_ and consequently at frequency o = ké:cz.

The formal result 1s-/
2 :
Iy = 4wy 6, Gk = ks0 ) /K Usin o, ,  (10)

which may be converted to a velocity spectrum by equating input
and dissipated power as above. The primary feature of this



result 1s the absence of CP7(w). In simulating the power
input from high speed turbulence therefore, one 1s primarily
concerned with simulating a wavenumber spectrum. This
spectrun is quite smooth, having roughly a 10 4B variation
over 1.5 decades 1n wavenumber or 3 decades in frequency as

seen by reference to Fig. 3.



III. Response of a supported panel to a sound field

The next step in the simulation 1s to review ocur under-
standing of the absorption of acoustic power by panel struc-
tures exposed to a sound field. If the mean square acoustic
pressure in a band A centered about W is pgﬁb) in the absence
of the structure, then the power absorbed by the structure in

this band vill be 2/

22
IT = 27 ¢

a P

2 /// N
6. p-n p(2) (11)
g rad “a’s //inc

where ¢ 1s the sound gpeed, ng 1s the average model density

of the structure in the band, and o is the radiation effi-

rad
ciency of the structure. The directivity function D(Q) 1s
averaged over the distribution of energy incident on the

panel and the responding modes in the band. For a reveroerant
field <I> = 1 and the absorbed power is uniquely determined by

the radlation efficlency.

The radiation efficlency of rectangular supported panels
has been computed by Maidanik lg( Experimental studies of
the radiation of plates with attached stiffening members indi-
cate that these idealized calculations can give quite good
estimates of the radiation from structures of engineering

interest.



A classification of radiating modes can be made by
comparing the wavespeed of their component waves at the
resonance frequency with the speed of sound. Modes which
have wave components that travel faster than the speed of
sound are termed "acoustically fast"” (AF). Those with wave-
speeds less than the sound speed are called "acoustically
slow" (AS). The AF modes occur above the critical frequency
in flat panels, but are present below this frequency in
curved panels due to the increased stiffness produced by
curvature, as Manning and Maidanikhave noted.;;/ AS modes
may be divided into two groups according to whether or not
they have trace velocitles along the edge of the structure
greater or less than the sound speed. The AS "piston modes"
have both trace speeds less than the speed of sound and
account for a small part of the radiated sound. The AS
"strip modes" have a component of trace speed greater than
the sound speed and account for most of the radiation below

the critical frequency.

By combining the radiation output of these modal classes
it is possible to predict an average radiation efficiency for
the panel as Maidanik has done;lg/ A typical form on the

result is shown in Fig. 5. An octave or so below the criti-

is given by

cal frequency fp, crad



Orag = 7=—H® ¢ ‘T_ (12)

and 1t is essentlally unity for £ > £ . In (12), O% is the

total perimeter of edges and other structural discontinulties
on the panel, h is the panel thickness and Ap is the panel
area.

~11-



IV. Equivalence between turbulent and acoustic excitation

f In the previous sectlons, we have reviewed the methods
and analyses that are avallable for predicting the average
power input into a simple structure in frequency bands. ' We
must now inquire whether we can replace one form of power
input with the other, as simulation would require. We must
ask this question 1in two areas; first, what 1s the difference,
if any, in the "direct" vibrational flelds and second, what
differences are likely to exist in the reverberant vibrational

fields of the panels.

The "direct wave" on a panel is like a direct wave in
a sound fileld; it is the free wave that 1is generated by the
disturbance disregarding the additional wave components that
are generated when 1t encounters a structural discontinuity.
When the panel is excited by low speed turbulence, the HF
waves spread out like waves from a small source of area At
and spectrum (PTOD). For high speed turbulence on the other
hand, the HC waves that are generated travel at an angle ¢c
from the direction of convection and have a spectrum which
does not depend on 5} at all but rather on the wavenumber
spectrum Gi(ﬁ). The energy absorbed from the sound fiecld
"enters" the structure at the edges of the panels and the

direct wave travels into the panel almost at right angles to

-12-



the edge. In this case, one has nearly a line source dis-
turbance. It 1is clear therefore that the direct field will
be quite different in the various cases of turbulent and

acoustic loading.

The reverberant field 1is produced by successive reflec-
tions of the energy in the direct wave from the edges of
the panel. The power remaining in the direct wave after
the first reflection 1s approximately I“.toe"kd“/4 where
d= IIAp/GQ is a mean free path for two dimensional systems.
The energy in the direct field 1s approximately

II°d
Eqirect = EcB (13)

while in the reverberant fleld it is

il (14)

Ereverberant “Cbn
assuming only a very s8light energy loss in the first traverse
of the wave. Taking the ratio,

Ereverberant ~ 4

. (15)
Estrect kdn

For most service structures, the dauping is such that kdn << 1.



It is therefore more important that the reverberant firli be
simulated since it contains most of the energy.

The energy in the panel will normally make several pas-
sages across the panel before it i1s dissipated. In addition,
there 1s a passage of energy betueen panels through the sup-
porting frame. There is a tendency for the idealized modes
considered in the theory to be coupled, which may in turn be
thought of as a new set of modes having composite properties,
with respect to both vibration and radiation, of the old
modes. There has not been a great deal of theoretical study
of this problem to date, but there is considerable experimental
evidence to this effect. For example, reverberant diffuse
flelds of vibration appear to be set up on laboratory penels
when driven either with point shakers (which are very much
like low speed turbulence) or with a diffuse sound field.li/
In addition, there is an experimental reciprocity between the
diffuse pressure in a reverberant sound field and the rever-
berant vibrational field on a structural panel.lﬂ/ This
reclprocity basically requires that most of the vibrational
modes have comparable coupling to the sound field.

In summary, the vibrational field of structural penels
driven by broad band noise appears to be highly reverberant.

Because of this, it is somewhat insensitive to the precise

-1~




nature of the disturbance and simulation may be possible if
the required power levels in the various frequency regions

can be supplied by the sound field.

~15-



V. Spectral simulation with a sound field

In this section, we shall review briefly some of the
problems associated with predicting the spectral properties
of turbulent pressure fields. The central problem,of course,
is that the frequency spectrum that one measures with a f{ixed
microphone is not necessarily related directly to the input
spectrum of power to the panel., For the HF response to low
speed turbulence, the frequency spectrum is set by Gz(w),

whereas a fixed microphone measures the gpectrum

GMCD) = J @X(lcl = w/Uc,Z{B) dlc3 . (16)

Information concerning {?7(w) can be obtained from
GM(«») by noting from Fig. 3 that (,(w) will have a "cut-off"
at approximately @, = uluc/sl. The characteristic cut-oif
frequency for @,T is G'l, which has been shown by experiment
to be approximately Uc/25 51. Thus, the spectrum measured by
a fixed microphone is about 25 times as broad as the actual

exciting spectrum.

The effect of this indirect relation between loading and
response frequencies is illustrated in Fig. 6. Vhen the excilta-
tion 1s acoustic, an increase in level in any band 1s followed
by the same increase (in dB) in the same band of response. If

a band level is increased in the fixed microphone response,

~16-



this means that a certain group of wavenumbers has been
enriched in the spatial wavenumber spectrum. These wave-
nunbers will cause increased response at lower frequencies

in the panel as shoun.

In the case of HC modal response to high speed turbu-
lence, the situation 1s somevhat different. The wavenumbers
contributing to the response and microphone pressure respec-
tively are shown in Fig. 7. If one is willing to make a
guess at the dependence of the wavenumber spectrum on k3,
then a measurement of (Py(w = k,U,) is sufficient to deter-
mine the form of (Px‘w = kluc’ks)’ Ffowcs Williams has made

such a "guess" and the form he chose was 15/

-~

231
@x(klikB) = @,L(kl) * T!'(l . 4’5? kg) ) (19)

If the angle ¢, is less than tan™! [Uc/éwﬁll, then
~ = o I

This is not a completely satisfactory way of estimating 6%(5):
but it indicates that the way in whch Gﬁﬁn) 1s used to infer
the spectral character of the input power will be quite dif-
ferent in the high speed and low speed cases.

|
\
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FIGURE CAPTIONS

1 Plot of wave numbers, pattern in k-space

2 Form of the moving axis frequency spectrum

3 Effective correlation area for turbulent excitation
of HF waves

4 HC wave and constant frequency loci in k-space

5 Typical radiation efficiency of a supported panel

6 Effect of band level changes in measured pressure

on response levels in acoustic and low speed

boundary layer noise excitations

7 Wave numbers producing microphone and panel response

in high speed boundary layer noise
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